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Little is known about monocyte differentiation in the lung mucosal environment and 
about how the epithelium shapes monocyte function. We studied the role of the soluble 
component of bronchial epithelial cells (BECs) obtained under basal culture conditions 
in innate and adaptive monocyte responses. Monocytes cultured in bronchial epithelial 
cell-conditioned media (BEC-CM) specifically upregulate CD141, CD123, and DC-SIGN 
surface levels and FLT3 expression, as well as the release of IL-1β, IL-6, and IL-10. 
BEC-conditioned monocytes stimulate naive T  cells to produce IL-17 through IL-1β 
mechanism and also trigger IL-10 production by memory T cells. Furthermore, mono-
cytes cultured in an inflammatory environment induced by the cytokines IL-6, IL-8, IL-1β, 
IL-15, TNF-α, and GM-CSF also upregulate CD123 and DC-SIGN expression. However, 
only inflammatory cytokines in the epithelial environment boost the expression of CD141. 
Interestingly, we identified a CD141/CD123/DC-SIGN triple positive population in the 
bronchoalveolar lavage fluid (BALF) from patients with different inflammatory conditions, 
demonstrating that this monocyte population exists in vivo. The frequency of this mono-
cyte population was significantly increased in patients with sarcoidosis, suggesting a 
role in inflammatory mechanisms. Overall, these data highlight the specific role that the 
epithelium plays in shaping monocyte responses. Therefore, the unraveling of these 
mechanisms contributes to the understanding of the function that the epithelium may 
play in vivo.
Keywords: bronchial epithelial cell-conditioned media, monocytes, monocyte-derived dendritic cell, Th17, 
interleukin-17, il-1β, FLT3
inTrODUcTiOn
Over the last few years, there is compelling evidence that the epithelium not only plays a role as a 
barrier but also that epithelial cells (ECs) and their microenvironment are also capable of modulating 
immune functions (1–3). An interesting aspect is the observation that the environment of lung or 
intestinal ECs generate dendritic cells (DCs) with regulatory features (4–6). However, little is known 
about the role of lung ECs soluble components in monocyte function, and essential questions remain 
open with regard to monocyte/DC differentiation (7, 8).
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Monocytes are phagocytes with an important innate immune 
response toward pathogens (9). This population is heterogeneous 
and has an important plasticity, which makes it capable of giving 
rise to different well-defined populations, such as macrophages 
or DCs in  vitro. In vivo, it has been reported that extravascular 
monocytes are able to retain their monocytic features with minimal 
differentiation and appear to support DC function (10). In spite 
of the fact that it has been difficult to properly identify monocytes 
and both cell-derivates in vivo, in the mouse model, a phenotype 
of monocyte-derived DCs (ModDCs) has been identified under 
both the steady and inflammatory states (11–14). Little is known, 
however, about human ModDCs. Human monocytes can be clas-
sified according to their expression of CD14 and CD16 (FcγR-III): 
classical (CD14+CD16−), intermediate (CD14+CD16+), and patrol-
ling (CD14dimCD16+) monocytes (9, 15). In regard to DCs, three main 
DC subsets have been described in human blood: two conventional 
DC subsets, which can be identified in the HLA-DR+CD14− fraction 
by the expression of CD1c (BDCA-1) and CD141high (BDCA-3), 
shown to originate from a common DC progenitor (16, 17), and 
the pDC subset which is identified by CD303 (BDCA-2) CD304 
(BDCA-4) and CD123bright expression. In contrast to the well-defined 
phenotypic expression of blood DCs, in human lungs, there is evi-
dence for high phenotypic heterogeneity. In addition to the BDCA 
populations, three other subpopulations can be distinguished by the 
expression of langerin, CD1a, and DC-SIGN, but these markers are 
promiscuously expressed, making it difficult to differentiate specific 
populations (18). For example, studies show that the Langerin+ 
population in lung tissues can express BDCA-1 and CD1a, but not 
BDCA-3 (18). In contrast, in the lung tissues of allergic asthma 
patients, most of the BDCA1+cDCs express BDCA-3 (19), sug-
gesting that the DC phenotype can be modulated by the epithelial 
environment. It was recently demonstrated that gene expression 
profiling and mass cytometry analysis are useful techniques for the 
identification of lineage-imprinted cell markers in human tissues, 
such as CD172α/IRF4 and XCR1/IRF8, thus allowing for a clear 
discrimination between CD1c+CD14− DC and CD141+CD14− DC 
subsets, respectively (20). In regard to ModDCs in the lungs, they 
have been poorly investigated due lack of specific markers. Recent 
studies, however, at steady state found CD1c+ cells on the HLA-
DR+CD14+ fraction in lung tissues and Bronchoalveolar lavage fluid 
(BALF). These cells were related to a subtype of ModDCs enriched 
for the gene signatures of ModDCs described in the literature, which 
includes the expression of ZBTB46, IRF4, and FLT3 genes and the 
surface markers CD206 and CD1a (21). A similar phenotype was 
described in arthritic synovial fluid, which was associated with 
inflammatory DCs by its capacity to induce Th17 cell differentia-
tion, ex vivo (22). However, for lung diseases, particularly in chronic 
inflammation, ModDCs have not yet been identified.
In the present study, we demonstrate how ECs differentially 
regulate the phenotype and function of monocytes and as a 
result stimulate IL-17/IFN-γ-producing naive T cells and IL-10-
producing memory T cells. This particular phenotype is charac-
terized by the surface expression of CD141/CD123/DC-SIGN 
and FLT3 gene expression. Furthermore, we have characterized a 
CD141/CD123/DC-SIGN triple-positive population in patients 
with sarcoidosis, which expresses IRF4, thus demonstrating that 
this phenotype increases during inflammation and may be related 
to ModDCs. Our findings contribute to the understanding of 
the mechanism by which the epithelium modulates monocyte 
function, relevant to the understanding of epithelial dysfunction 
during chronic inflammation.
MaTerials anD MeThODs
Monocyte and epithelial cell isolation  
and Preparation
PBMCs were isolated by Ficoll-Paque density gradient centrifu-
gation. Monocytes were prepared as described previously (23, 24) 
and were characterized by high expression of CD14 (more than 
86%). Differentiation of DCs from monocytes was performed as 
originally described by culturing cells in the presence of a gran-
ulocyte-macrophage colony-stimulating factor (10  ng/mL) and 
interleukin-4 (10 ng/mL) for 4 days (25). Differentiation of mac-
rophages from monocytes was performed by culturing cells in the 
presence of 100 ng/mL of macrophage colony-stimulating factor 
(Prepotech, UK) and 10  mM HEPES (AMIMED, Switzerland) 
for 7 days.
Bronchial epithelial cells (BECs) were grown from a BEAS-2B cell 
line (number CRL-9609; ATCC). Cell cultures were maintained in 
LHC-8 (Gibco, Thermo Fisher, Reinach, Switzerland) supplemented 
with 2.2 µM epinephrine (Epi) (Sigma-Aldrich, Buchs, Switzerland) 
and 0.3  nM retinoic acid (RA) (Biofluids, Gaithersburg, MD, 
USA). Before the experiments, BECs were grown in monolayers 
to 80–85% confluence in 75-cm2 culture flasks. Then, the culture 
medium was removed, and cells were washed with PBS. BECs were 
subsequently cultured in LHC-8 without Epi and RA. After 48 h, 
the bronchial epithelial cell-conditioned media (BEC-CM) was 
harvested, filtered through a 0.22-μm pore-sized filter, and frozen at 
−20°C until it was used in the experiments. For long-term storage 
BEC-CM was frozen at −80°C.
Human primary nasal epithelial cells (PNECs) were obtained 
by brushing the inferior surface of the middle turbinate of both 
nostrils using a cytological brush (Dent-o-care, London, UK) 
as described in supplemental experimental procedures. Briefly, 
cells were cultured in a bronchial epithelial basal medium 
(BEBM), (Lonza, Switzerland), until they developed into an air-
liquid interface. Afterward, BEBM was removed and replaced by 
PneumaCult™-ALI (STEMCELL Technologies™). PNEC-CM 
was obtained after culturing cells in their optimal culture condi-
tions for 48 h. Human primary alveolar epithelial cells (PAECs) 
were cultured from the tissue of patients undergoing surgical lung 
resection due to lung cancer. Lung tissue was obtained from sites 
away from the tumors. After the biopsy, the tissue was cut into 
small pieces of 1  mm3, and these were placed into pre-wetted 
25 cm2 cell culture flasks (Falcon, Corning Incorporated, USA) for 
cell sprouting. No additional coating was applied. The epithelial 
growth medium (CELLnTEC, Bern, Switzerland) was replaced 
every fourth day. AECs were grown under standard conditions 
(37°C, 21% O2, 5% CO2). PAEC-CM was obtained after culturing 
cells in their optimal culture conditions for 24 h. Subsequently, 
all harvested condition media were centrifuged at 1,200 rpm for 
10 min, filtered through a 0.22-μm pore-sized filter, and frozen 
at −80°C until they were used in the experiments.
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BalF samples
Bronchoalveolar lavage fluid (BALF) samples were obtained 
from patients undergoing bronchoscopy for medical reasons 
by the CHUV Pneumology Service. In total, 4 BALF samples 
were obtained from patients with biopsy and/or cytology proven 
adenocarcinoma, 13 from patients diagnosed with sarcoidosis, 
and 7 from patients with idiopathic or secondary interstitial pneu-
monia. All of the diseases were diagnosed based on established 
standard criteria (26–28). Flexible bronchoscopy was performed 
according to established guidelines as previously described (29, 
30). Lavage was performed in 50 mL aliquots with a total amount 
of 150–250 mL of 0.9% sterile saline. The BALF was recovered 
by gentle aspiration. Collected samples (20–30 mL) not used for 
diagnosis were filtered through a nylon mesh filter and cells were 
counted manually using trypan blue. Cells were centrifuged and 
the pellet was washed with cold HBSS. Around 1 × 106 cells were 
prepared per condition and subsequently stained with Abs or 
isotype controls for flow cytometric analysis.
Monocyte and Dc stimulation
Human monocytes or DCs (1  ×  106 cells/condition) were cul-
tured for 48 h with medium alone or with the conditioned media 
(CM) obtained from BECs or primary cells, such as PNECs and 
PAECs. In some experiments, after 24  h of culture, cells were 
stimulated with 100  ng/mL of lipopolysaccharide (LPS, DIFCO 
E. coli 055:B5) and/or with 0.5 µg/mL anti-CD141 (Miltenyi Biotec, 
Germany). Mouse IgG1 isotype control (0.5 µg/mL) (eBioscience, 
Switzerland) was used as a control. To induce an inflammatory envi-
ronment, monocytes were cultured for 48 h with medium alone or 
with BEC-CM with 1 ng/mL of the following cytokines, designated 
as the inflammatory cocktail: human recombinant IL-6 (Invitrogen, 
Reinach, Switzerland), IL-8, IL-15, IL-1β, GM-CSF (R&D System, 
Abingdon, UK), and TNF-α (Roche, Basel Switzerland). For the 
control, cells were supplemented with 100 pg/mL of IL-6 (Invitrogen, 
Switzerland) and 500 pg/mL IL-8 (R&D System, UK).
cytokine Measurements
IL-17, IL-6, IL-8, IL-1β, IL-12p70, IL-10, and TNF-α cytokines 
were measured in the Luminex Bio-Plex 200 System (Bio-Rad, 
USA), using Bio-Rad kits according to the manufacturer’s 
instructions. IL-23 was measured with a commercial ELISA kit 
(Biotest, France).
Mixed lymphocyte reaction
Naive and memory CD4 T  cells were isolated from healthy 
PBMCs by negative selection using the Naive CD4+ T Cell 
Isolation Kit II or the Memory CD4+ T Cell Isolation Kit 
(Miltenyi Biotec, Germany), respectively. Treated monocytes 
(cultured with medium alone or with BEC-CM) were co-cultured 
at a monocyte:T-cell ratio of 1:10 for 9 days, supplemented with 
IL-2 for the last 2 days and then stimulated for 5 h with PMA 
and ionomycin. Supernatants were collected and stored at −80°C 
until they were needed for cytokine measurement. Neutralizing 
experiments were performed using the following neutralizing 
antibodies: IL-1β (CRM56, Ebioscience) used at 2  µg/mL and 
IL-6R (Tocilizumab-Roche) (humanized IgG1) used at 10  µg/
mL. Human IgGκ isotope (Sigma, Switzerland) and mouse 
IgG1 isotype functional grade purified control (eBioscience, 
Switzerland) were used as controls.
Flow cytometry
Cell suspensions were stained with LIVE/DEAD® Fixable Dead 
Cell Stain (molecular probes) followed by surface staining with 
the following Abs: anti-FITC-CD1c, APC-CD141, FITC-CD123, 
PE-DC-SIGN (Miltenyi Biotec), PercPcy5.5-CD14, A700-CD11b, 
PE-CD11c, FITC-CD80, PB-CD3 (BD Bioscience) KO-CD16, 
Pe/Cy7-HLA-DR (Beckman Coulter), PE-CD163, PB-CD86, 
PB-CD56, PB-CD19 (Biolegend), CCR6 (R&D), or isotype-
matched control antibodies. In brief, cells were stained for 20 min 
at 4°C in FACS buffer and fixed in 1% paraformaldehyde. For 
intracellular staining, cells were fixed and permeabilized with 
cytofix/cytoperm (BD Bioscience) for 30 min, washed, and labeled 
by PE-IRF4 (Biolegend) in Perm/Wash buffer (BD Bioscience). 
Cell-surface fluorescence intensity was assessed on a Gallios 
flow cytometer (Beckman Coulter) and analyzed using FlowJo 
(TreeStar). The Mean Fluorescence Intensity ratio was defined as 
the ratio of specific markers to the corresponding isotype controls.
real-time Quantitative rT-Pcr
Total RNA was extracted with the RNeasy mini kit (Qiagen Inc.) 
according to the manufacturer’s instructions. cDNA was syn-
thesized using an iScript™ cDNA Synthesis Kit (Biorad, USA). 
Transcripts were quantified by the real-time quantitative PCR 
CFX96 Touch Real-Time PCR Detection System (Bio-Rad) using 
the master mix iTaq™ Universal SYBR® Green Supermix (Bio-
Rad). After amplification, Cq values were obtained using the CFX 
Manager™ software 2.1 (Bio-Rad). Relative human gene expres-
sion of ZBTB46 (qHsaCED0044323), CSF1R (qHsaCID0010604), 
FCER1A (qHsaCID0005954), IRF4 (qHsaCED0004445), FLT3 
(qHsaCID0021972), XCR1 (qHsaCED0002997), and IL1B 
(qHsaCID0022272) was assessed by normalizing gene expression 
values to those of the reference gene β-2-microglobulin (B2M) 
(qHsaCID0015347).
statistical analysis
Results are expressed as means ±  SEM. Multiple group com-
parisons were made by the analysis of variance test. Each analysis 
was followed by multiple comparisons test as mentioned in each 
figure. Comparisons between two groups were made using the 
two-tailed Student’s t-test. The statistical significance was deter-
mined using the Mann–Whitney test. P-values less than 0.05 were 
considered statistically significant. All statistical analyses were 
done with the GraphPad Prism software (GraphPad Software, 
Inc., La Jolla, CA, USA).
resUlTs
Bec-cM induced a Particular Monocyte 
Phenotype, Which is characterized by  
the expression of cD141, cD123,  
and Dc-sign
In order to analyze the effect of the epithelial soluble component 
on monocytes, isolated human monocytes were cultured for 
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48 h in supernatants obtained from human bronchial epithelial 
BEAS-2B  cells (BEC). Flow cytometry was used to analyze 
the expression of monocyte and macrophage markers, such as 
CD14, CD16, and CD163; DC markers such as, CD141, CD123, 
DC-SIGN, and CD1c; co-stimulatory molecules, such as HLA-DR, 
CD80, and CD86; myeloid markers, such as CD11b and CD11c 
(Figure 1A). Our results show that human monocytes cultured 
in  vitro spontaneously develop into a monocytic–macrophage 
phenotype as observed by the expression of CD14, CD163, 
CD11b, and CD11c, but that they also express co-stimulatory 
molecules, such as CD86 and HLA-DR. In comparison, cells 
cultured in BEC-CM, in addition to the previous markers, notice-
ably increased the expression of CD141, CD123, and DC-SIGN, 
markers that have been identified in different subpopulations of 
DCs, thus suggesting that this particular phenotype may identify 
a distinctive cell type.
Bec-cM, as well as Primary  
alveolar- or nasal epithelial  
cell-conditioned Media Modulated  
the surface Phenotype of Monocytes
In order to investigate whether the CD141/CD123/CD-SIGN 
phenotype was also detectable in DCs, monocytes were cultured 
in GM-CSF (10  ng/mL) and IL-4 (10  ng/mL) to obtain DCs. 
Figures  1B–D show that BEC-CM significantly increased the 
expression of CD141, CD123, and DC-SIGN in monocytes, in 
contrast to DCs where no upregulation of any of these receptors 
was observed, but rather a decreased constitutive expression of 
DC-SIGN in immature DCs, suggesting that the modulation of 
the epithelial environment is specific to monocytes. To confirm 
the role of the epithelial environment, CM obtained from pri-
mary nasal epithelial cells (PNECs) or primary alveolar epithelial 
cells (PAECs) were compared with monocytes cultured in their 
respective epithelial media. As shown in Figures 1E–G, BEC-CM 
significantly increased the expression of CD141, CD123, and 
DC-SIGN. PAEC-CM has been shown to increase the expression 
of CD141 and CD123. In contrast, PNEC-CM only increased 
CD141 expression, suggesting that CD123 is a receptor that 
may play a role in the airways within the bronchial or alveolar 
environment. DC-SIGN seems to be a receptor only modulated 
by the bronchial environment. In contrast, CD141 seems to be a 
receptor modulated by the epithelial environment regardless of 
the epithelial origin. As a control, monocytes were cultured in 
BEC-CM obtained from primary lung endothelial cells or fibro-
blasts, and none of these conditions upregulated the expression of 
these receptors as shown in Figure S1 in Supplementary Material. 
These results confirm that the epithelium specifically modulates 
a CD141 phenotype in monocytes and is not restricted to the 
epithelial BEAS 2B cell line. CD123/CD-SIGN modulation may 
depend on the local environment.
Bec-cM Upregulates expression  
of FLT3 in Monocytes
To address whether BEC-conditioned monocytes are related to 
ModDCs, we analyzed the expression of a group of genes involved 
in DC and ModDC development (22, 31, 32), which includes 
FcεR1α, XCR1, CSF1R, FLT3, IRF4, and ZBTB46 (Figures 2A–F). 
Monocytes were cultured with medium alone or with BEC-CM 
for 24 or 48 h. For comparative purposes, we also analyzed the 
gene expression in DCs or macrophages. Consistent with previ-
ous reports, DCs expressed the highest levels of the transcription 
factors, ZBTB46 and IRF4, and the receptors, FcεR1α and CSF1R 
(Figures  2A,C,E,F). Monocytes expressed high levels of XCR1 
and intermediate levels of CSF1R and IRF4, compared to DCs. 
However, their expression was not further increased by BEC-CM 
(Figures  2B,C,F). Importantly, BEC-CM upregulated the 
expression of FLT3 and the modulation was already high at 24 h 
(Figure  2D). In contrast, macrophages only expressed CSF1R, 
a growth factor receptor involved in macrophage development 
(Figure 2C). These results suggest that monocyte development 
closely resembles that of DCs. The fact that BEC-CM is able to 
increase the expression of FLT3, a receptor involved in DC differ-
entiation and maintenance in the periphery (33), suggests that the 
bronchial epithelium participates in the transition of monocytes 
toward a ModDC phenotype.
Bec-cM stimulated the secretion  
of il-1β, il-6, and il-10 by Monocytes
Next, to investigate whether endogenous molecules produced by 
BEC-CM were capable of activating monocytes, IL-10, IL-6, IL-1β, 
IL-23, IL-12p70, and TNF-α were analyzed after 48 h of cultur-
ing monocytes in BEC-CM. Indeed, as show in Figures 3A–D, 
BEC-CM induced the release of IL-1β, IL-6, and IL-10 by 
monocytes. The observed release of cytokines corresponds to the 
cytokines released by monocytes because, as shown in Figure S2 
in Supplementary Material, in basal culture conditions, BECs did 
not release IL-1β, IL-10, and lower levels of IL-6. The release of 
IL-12p70 and TNF-α were not modulated by BEC-CM (data not 
shown). These results suggest that endogenous molecules released 
constitutively by BECs are already sufficient in order to induce 
specific phenotypic and functional modifications of monocytes.
Bec-conditioned Monocytes efficiently 
Trigger the Differentiation of human Th17 
cells through a Mechanism involving 
il-1β, but also stimulate Memory cells to 
Produce il-10
Based on the observation that monocytes cultured in BEC-CM 
released pro-Th17 cytokines, such as IL-1β and IL-6, we asked whether 
or not BEC-conditioned monocytes were capable of priming an 
inflammatory response, such as Th17 or Th1 responses or of stimu-
lating memory cells to produce IL-10. For these experiments, mono-
cytes were cultured with medium alone or with BEC-CM for 48 h. 
Subsequently, cells were washed and then cocultured with allogenic 
naive or memory T cells for 7 days and then supplemented with IL-2 
for two additional days. During the co-culture, monocytes cultured 
in BEC-CM were able to increase the release of IL-17 in naive T-cells 
while maintaining a strong Th1 response through the release of IFN-γ 
(Figures 4A,B). This result contrasts with that of memory T cells, in 
which BEC-conditioned monocytes mostly favored the induction of 
FigUre 1 | continued
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FigUre 2 | expression of monocyte-derived Dc markers in bronchial epithelial cell-conditioned monocytes. Monocytes were cultured for 24 or 48 h with 
medium alone or with Bronchial epithelial cell-conditioned media (BEC-CM). Gene expression of (a) FcεR1α, (B) XCR1, (c) CSF1R, (D) FLT3, (e) ZBTB46 and  
(F) IRF4 were assessed by the real-time quantitative PCR. Data express the relative gene abundance normalize to the endogenous control β-2-microglobulin (B2M) 
and are shown as mean ± SEM of four to six independent experiments, done in duplicates. Statistical analysis was performed using analysis of variance test 
(followed by Tukey multiple comparisons test) (*P < 0.05).
FigUre 1 | continued  
Bronchial epithelial cell-conditioned media (Bec-cM) enhances the expression of cD141/cD123/Dc-sign on monocytes. (a) Phenotypic analysis of 
surface markers on monocytes cultured withBEC-CM. FACS analysis was performed on monocytes that were cultured for 48 h with medium alone or with BEC-CM. 
Representative histograms (thick lines) of the indicated antibody staining are plotted with the corresponding isotype controls (shaded histograms). All data were 
obtained with similar results in at least four independent experiments. (B–D) Dendritic cells (DCs) were obtained by culturing monocytes with GM-CSF (10 ng/mL)  
and IL-4 (10 ng/mL). Then, monocytes and DCs were cultured for 48 h with medium alone or with BEC-CM. Bar histograms of the mean fluorescence intensity 
(MFI) ratio calculated with its specific isotype for (B) CD141, (c) CD123, and (D) DC-SIGN. Data are expressed as means ± SEM of at least eight independent 
experiments for monocytes and at least five independent experiments for DCs. Statistical analysis was performed using analysis of variance test (ANOVA) (followed 
by Tukey multiple comparisons test) (*P < 0.05, **P < 0.01). (e–g) Monocytes were cultured for 48 h with BEC-CM, PNEC-CM, or PAEC-CM or with the 
corresponding control media 1:LHC-8, 2: PneumaCult™-ALI, 3: CELLnTEC. Data represent the MFI ratio calculated with its specific isotype for CD141 (e), CD123 
(F), and DC-SIGN (g). Data are expressed as means ± SEM of at least five independent experiments. Statistical analysis was performed using ANOVA (followed by 
Tukey multiple comparisons test), *P < 0.05, **P < 0.01.
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an anti-inflammatory response as measured by the release of IL-10 
(Figure 4C). BEC-conditioned monocytes to some extent induced 
the release of IL-17, albeit not significantly. To further document 
the function of BEC-CM, and hence the role of IL-1β and IL-6 in 
the ability of BEC-CM-monocytes to polarize naive T  cells into 
Th17  cells, we evaluated the effects of anti-IL-1β and anti-IL-6 
receptor (IL-6R) neutralizing antibodies during the allo-reaction. 
Treating IL-1β or IL-1β and IL-6R with neutralizing antibodies 
abolished the release of IL-17 by naive T-cells (Figure 4D). These 
results indicate that the ability of monocytes cultured in BEC-CM 
to induce IL-17 release is critically dependent on the production 
of IL-1β and on the synergistic effect of IL-6 with IL-1β, but is 
not dependent on IL-6 alone. Overall, these results demonstrate 
that BEC-CM has an important capacity to modulate monocyte 
function, resulting in distinct T-helper responses, such as a strong 
inflammatory response when the monocytes encounter a naive 
T cell, but a more anti-inflammatory response when they encounter 
a memory T cell.
FigUre 3 | Bronchial epithelial cell-conditioned media (Bec-cM) 
stimulates the secretion of il1β, il-6, and il-10 in monocytes. 
Monocytes were cultured for 48 h with medium alone or with BEC-CM. 
The secretion of cytokines was analyzed using the Luminex system or ELISA: 
(a) IL-1β, (B) IL-6, (c) IL-23, and (D) IL-10. Data are expressed as 
means ± SEM of at least four independent experiments. Statistical analysis 
was performed using Mann–Whitney test (*P < 0.05, **P < 0.01).
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Bec-cM Differentially regulates the 
release of cytokines by Monocytes  
and Dcs after lPs Treatment
To better characterize the role of the epithelium-soluble compo-
nents on monocyte function, monocytes and DCs were cultured 
with medium alone or with BEC-CM for 24  h and further 
stimulated with LPS (100 ng/mL). The release of the cytokines 
IL-12p70, IL-10, TNF-α, IL-6, IL-1β, and IL-23 was analyzed after 
24 h of LPS stimulation. As shown in Figures 5A–F, monocytes 
stimulated by LPS released IL-10, TNF-α, and IL-6, but no 
significant amounts of IL-1β or IL-23 and no IL-12p70 at all. 
BEC-conditioned monocytes released IL-10 and TNF-α after LPS 
stimulation as did the monocytes alone. As mentioned previously, 
BEC-conditioned monocytes are able to produce IL-6, IL-1β, 
and IL-10, but upon LPS stimulation only the release of IL-6 and 
IL-10 were further increased (Figures 5B,D,E). In regard to DCs 
and in line with previously published results (5, 34), BEC-CM 
abrogated the release of the inflammatory cytokines IL-12p70, 
IL-10, TNF-α, and IL-23 and caused a partial reduction of IL-6 in 
LPS-stimulated DCs. Overall, these results highlight the distinct 
inflammatory response induced by the epithelial-conditioned 
environment which promotes an inflammatory state in mono-
cytes, but maintains a strong immunosuppression on DCs.
ligation of cD141 on Monocytes in the 
Bec-cM environment suppresses the 
release of TnF-α when stimulated by lPs
As shown in Figure 1B, the CD141 receptor appears to be spe-
cifically modulated by BEC-CM. Thus, in order to understand 
the role of CD141 in the monocyte inflammatory response, 
monocytes were cultured with medium alone or with BEC-CM 
in the presence or absence of anti-CD141 for 24  h and were 
further stimulated for 24 h with LPS. As shown in Figure 6, liga-
tion of CD141 did not significantly modulate the LPS-induced 
release of IL-10, IL-6, or IL-1β in cells cultured in media alone or 
BEC-CM (Figures 6A–D). However, ligation of CD141 specifi-
cally abrogated the release of TNF-α only in the BEC environ-
ment (Figure 6B), suggesting that CD141 downstream signaling 
events impact LPS-induced TNF-α expression or release, and 
this pathway can be blocked by the synergistic effect of CD141 
activation and epithelial soluble components.
inflammatory cytokines Boosted the 
expression of cD141 in Monocytes 
cultured in Bec-cM, but Do not  
Modulate FLT3 expression
With the aim to mimic sterile inflammation and hence determine 
whether inflammatory cytokines directly modulate the CD141/
CD123/DC-SIGN phenotype and expression of IL-1β and FLT3, 
monocytes were cultured with medium alone or with BEC-CM 
supplemented with IL-6 (100 pg/mL) and IL-8 (500 pg/mL) at 
concentrations that were found to be produced by ECs in basal 
culture conditions (Figure S2 in Supplementary Material) or 
cultured with an inflammatory cocktail composed of 1  ng/mL 
of IL-6, IL-8, IL-1β, IL-15, TNF-α, and GM-CSF cytokines 
produced by ECs during inflammation (35). As shown in 
Figures 7A–E, IL-6 and IL-8, in basal conditions, were not suf-
ficient to induce the modulation of the CD141/CD123/DC-SIGN 
phenotype or the IL-1β and FLT3 expression on monocytes. In 
contrast, the inflammatory cocktail modulated the expression 
of DC-SIGN and CD123 in monocytes and CD123 expression 
was further increased by BEC-CM (Figure  7B). CD141 recep-
tors on monocytes showed a different modulation. CD141 was 
not significantly upregulated by inflammatory cytokines in 
monocytes alone, but the expression of CD141 was boosted in 
monocytes cultured in BEC-CM (Figure  7A). Regarding FLT3 
and IL-1β expression, both were significantly modulated by the 
BEC-CM. The inflammatory cocktail was sufficient to modulate 
the expression of IL-1β in monocytes, although FLT3 expression 
is independent of the inflammatory conditions. Overall, these 
results highlight how endogenous molecules, such as cytokines, 
differentially regulate the phenotype and function of monocytes 
in which CD123, DC-SIGN, and IL-1β showed to be directly 
modulated by inflammation. Of particular interest, modulation 
of CD141 seems to require a synergistic effect between cytokines 
and other endogenous molecules produced by BECs and FLT3, 
which are not modulated explicitly by inflammation. None of the 
other ModDC genes were modulated by inflammatory cytokines 
(data not shown).
FigUre 4 | Monocytes cultured in bronchial epithelial cell-conditioned media (Bec-cM) have an increased ability to trigger the differentiation of 
human naive T cells into il-17 producers. Allogenic Naive T cells or Memory T cells were stimulated with conditioned monocytes [cultured with medium alone or 
with BEC-CM (BEC-cMo)] at a monocyte:T-cell ratio of 1:10 for 9 days, supplemented with IL-2 for the last 2 days and then stimulated for 5 h with PMA and 
ionomycin. Supernatants were analyzed for the release of (a) IL-17, (B) IFN-γ, and (c) IL-10. Data are expressed as means ± SEM of four to six independent 
experiments. Statistical analysis was performed using a Mann–Whitney test (*P < 0.05). (D) Production of IL-17 by naive T-cells primed with allogenic monocytes 
that were cultured with medium alone or with BEC-CM at a monocytes:T-cell ratio of 1:10. During the mixed lymphocyte reaction, cells were cultured in the 
presence of neutralizing antibodies to IL-1β, IL-6R, or both. Data are expressed as mean ± SEM of three independent experiments. Statistical analysis was 
performed using analysis of variance test (followed by Tukey multiple comparisons test) (*P < 0.05, **P < 0.01).
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The cD141/cD123/Dc-sign Phenotype 
can Be Found in the BalF of Patients  
with sarcoidosis
In order to determine whether the expression of CD141/CD123/
DC-SIGN is biologically significant, and hence to identify a spe-
cific population in the lung, we analyzed cells from the BALF of 
patients with two distinct lung diseases: sarcoidosis and intersti-
tial pneumonia. Furthermore, we had the opportunity to analyze 
some BALF from patients who had developed adenocarcinoma 
in which no clinical inflammation or development of infection 
could be found. Cells obtained from BALF were stained using 
a combination of phenotypic markers found on monocytes, 
macrophages, and DCs (Figures  8A–E). After the exclusion of 
cells gated as lin− (R2) and doublets (R3), live cells were gated 
by HLA-DR expression and further selected by their CD11b 
expression with the aim of differentiating classical DCs from 
monocytes. Then, cells were further selected by their expres-
sion of CD14+ and CD16+, and we evaluated the expression of 
the CD141/CD123/DC-SIGN triple-positive cell in each of the 
four gates generated. In Figure  8B, expression of the surface 
molecules CD141, CD123, and DC-SIGN is depicted. It is worth 
mentioning that the frequency of CD11b and CD14/CD16 cells 
was similar in all patients (Figure S3 in Supplementary Material). 
As we can observe in Figure 8C, a triple-positive population can 
be found in the HLA-DR+, CD11b+, CD14+, CD16− gate in all 
patients. It was expressed at low frequency (2.3% mean ±  0.4 
SEM) in patients with adenocarcinoma, slightly increased in 
patients who had developed lung fibrosis (4.6% mean  ±  1.5 
SEM), and was significantly increased in patients with pulmonary 
sarcoidosis (11.2% mean ± 2.4 SEM), which is a disease with a 
lymphocytic inflammatory pattern (28). This is a key observation 
as it demonstrates that the CD141/CD123/DC-SIGN population 
can be associated with inflammation and may play a role in the 
pathogenesis of sarcoidosis. Moreover, as shown in Figures 8D,E, 
this population also expresses CD1c and CD163, but not CD1a, 
and additionally stained positive for IRF-4, a transcriptional fac-
tor expressed in bona fide migratory DCs. Overall, these results 
suggest that the population expressing CD141/CD123/DC-SIGN 
resembles monocyte-derived DCs and, in sarcoidosis, may be a 
subset related to inflammatory DCs.
DiscUssiOn
Little is known about the role of the epithelium modulating mono-
cyte function upon arrival in the lung parenchyma. In the present 
study, we demonstrate that bronchial epithelial conditioned 
FigUre 5 | Bronchial epithelial cell-conditioned media (Bec-cM) regulates the release of cytokines by monocytes and dendritic cells (Dcs) 
differentially after lipopolysaccharide (lPs). Monocytes and DCs were cultured for 48 h with medium alone or with BEC-CM. Cells were stimulated with LPS 
(100 ng/mL) for the last 24 h. The secretion of cytokines was analyzed using the Luminex system or ELISA: (a) IL-12p70, (B) IL-10, (c) TNF-α, (D) IL-6, (e) IL-1β, 
and (F) IL-23. Data are expressed as means ± SEM of at least four independent experiments. Statistical analysis was performed using analysis of variance test 
(followed by the Fisher LSD test) (*P < 0.05, **P < 0.01).
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media (BEC-CM) favors, on monocytes, the release of IL-10 and 
IL-6, but particularly the expression and release of IL-1β, thus 
resulting in the induction of naive Th17 cells and IL-10-producer 
memory T cells. This particular phenotype is characterized by the 
surface expression of CD141/CD123/DC-SIGN and FLT3 gene 
expression and may represent ModDCs.
Our results show that monocytes express XCR1, IRF4, and 
CSF1R, molecular features described in ModDC development 
as part of the DC and macrophage signatures. However, their 
expression is not further increased by BEC-CM. FLT3 expres-
sion is low in monocytes, whereas it is upregulated by BEC-CM, 
thus establishing a close link to DC development, since it has 
been demonstrated that FLT3L is a pivotal growth factor in the 
maintenance of DC homeostasis in peripheral lymphoid tissues 
in the steady state (36). ZBTB46 and FcεRIα gene expression was 
not modulated by BEC-CM, and none of the genes analyzed were 
significantly modulated by inflammatory cytokines. This suggests 
that to fully commit monocytes to become inflammatory DCs, 
they may require additional signals.
In our study, IL-1β played a key role. It was surprising that 
BEC-CM, without microbial stimulus, was capable of inducing 
the release of IL-1β by monocytes but not by DCs. BEC-CM 
induced the expression and release of IL-1β, thus supporting a 
one-step model for IL-1β secretion. Recent studies demonstrated 
that, in human monocytes, IL-1β can be secreted by an “alterna-
tive inflammasome pathway,” which is distinct from classical 
inflammasome activation and does not require a second stimulus 
(37). Moreover, it has been reported that a variety of endogenous 
molecules can also signal, through pattern recognition receptors, 
the induction of IL-1β secretion (38). In view of these results, we 
hypothesized that cytokines released by ECs are at the origin of the 
expression and release of IL-1β. As we reported previously (35) 
and as is shown in Figure S2 in Supplementary Material, BECs 
constitutively release cytokines and chemokines, which constitute 
basal level conditions. Our results show that IL-6 and IL-8, the 
major cytokine components of the basal culture condition, were 
not sufficient to modify the expression of IL-1β on monocytes. 
In future experiments, we will analyze other components of ECs 
FigUre 6 | ligation of cD141 in the bronchial epithelial cell-conditioned media (Bec-cM) environment suppresses the release of TnF-α when 
stimulated by lipopolysaccharide (lPs). Monocytes were cultured for 48 h with medium alone or with BEC-CM in the presence of the anti-CD141 antibody 
(0.5 µg/mL) or 0.5 µg/mL mouse IgG1 isotype control. Cells were stimulated with LPS (100 ng/mL) for the last 24 h. The secretion of cytokines was analyzed using 
the Luminex system: (a) IL-10, (B) TNF-α, (c) IL-6, and (D) IL-1β. Data are expressed as means ± SEM of at least five independent experiments. Statistical analysis 
was performed using analysis of variance test (followed by the Fisher LSD test) (*P < 0.05).
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which are known to have immune regulatory functions, such 
as nitric oxide, and lipid mediators, such as prostaglandin-E2 
(6, 39, 40).
Our in vitro experiments show that BEC-conditioned mono-
cytes are also capable of expanding both naive and memory 
human T helper cells, although each with a different phenotype. 
On one hand, BEC-conditioned monocytes were able to polarize 
naive CD4 T cells toward Th1/Th17 cells with a low level of IL-10 
production. On the other hand, BEC-conditioned monocytes 
were also able to expand memory CD4 T cells that had a regula-
tory phenotype instead by the marked production of IL-10 and 
to some extent, albeit not significantly, IL-17. There is increasing 
evidence about the existence of pathogenic and non-pathogenic 
Th17 (41). It has been reported that the cellular response to IL-23, 
not IL-17 itself, is the major factor driving pathogenic Th17 (42). 
The fact that IL-23 is not a cytokine produced by BEC-conditioned 
monocytes even upon LPS stimulation, leads us to believe that, in 
tissues where a BEC-conditioned monocyte encounters a memory 
T cell, it will have a specific role in homeostatic immune function 
and if there is any IL-17 induced it will then be more protective, 
e.g., against a fungal infection. Nevertheless, BEC-conditioned 
monocytes are able to prime naive T cells into a more inflam-
matory IL-17/IFN-γ phenotype in which only the inhibition of 
IL-6 in combination with IL-1β, or of IL-1β alone, were critically 
important for the expansion of Th17. To what extent the IL-17 
induced by BEC-conditioned monocytes in basal conditions or 
during inflammation is pathogenic or non-pathogenic will be 
explored in future studies.
Another important aspect of our studies is the demonstration 
of the different specificities of BEC-CM on activation of mono-
cytes and DCs. DCs cultured in BEC-CM developed an anti-
inflammatory phenotype where the release of IL-12p70, IL-23, 
TNF-α, and IL-10 upon LPS stimulation was impaired. These 
results are largely supported by previous studies in which the 
epithelial environment generated by lung or intestinal ECs gener-
ates DCs with regulatory features (4–6, 43). In contrast, upon LPS 
stimulation, BEC-conditioned monocytes preserved the release 
of cytokines, thus maintaining the innate inflammatory response. 
Overall, our data depict a distinct, cell-specific modulation and 
regulatory function by BEC-CM on monocytes and DCs.
The functions of CD123 and DC-SIGN have been well 
documented in the past few years (44, 45); however, the role that 
the thrombomodulin receptor CD141 may play in the context 
of monocyte and DC modulation remains unknown. In our 
experiments, CD141 is a receptor shown to be upregulated by 
ECs localized in the lower or upper respiratory tract. Ligation 
of CD141 on monocytes in the bronchial epithelial environment 
blocked the LPS-mediated release of TNF-α, suggesting that this 
receptor may be involved in the inhibition of a TNF-inflammatory 
axis during LPS inflammation. However, CD141 did not show 
any modulation upon LPS stimulation (data not shown). In 
contrast to CD141, DC-SIGN, a pattern recognition receptor, 
FigUre 7 | inflammatory cytokines boosted the expression of cD141 in monocytes cultured in bronchial epithelial cell-conditioned media (Bec-cM). 
Monocytes were cultured for 48 h (a–c) or 24 h (D,e) with medium alone or with BEC-CM. Cells were supplemented with IL-6 (100 pg/mL) and IL-8 (500 pg/mL) 
designated as the basal condition or with 1 ng/mL of the following cytokines: IL-6, IL-8, IL-15, IL-1β, GM-CSF, and TNF-α, designated as the inflammatory cocktail. 
The mean fluorescence intensity ratio calculated with its specific isotype for the expression of (a) CD141, (B) CD123, and (c) DC-SIGN is plotted. Data are 
expressed as means ± SEM of eight independent experiments (*P < 0.05). Statistical analysis was performed using analysis of variance test (ANOVA) (followed by 
Tukey multiple comparisons test). Gene expression of (D) IL-1β and (e) FLT3 were assessed by real-time quantitative PCR. Data express the relative gene 
abundance normalized to the endogenous control β-2-microglobulin (B2M) and are shown as mean ± SEM of three to six independent experiments, performed in 
duplicate. Statistical analysis was performed using ANOVA (followed by Tukey multiple comparisons test) (*P < 0.05, **P < 0.01).
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was not modulated by PNEC-CM or PAEC-CM. This result was 
unexpected with PAEC-CM since the alveolar environment is a 
key location for the neutralization of invading pathogens. Our 
result is supported, however, by previous studies, which showed 
that monocytes cultured in CM, from the alveolar cell line A-549 
from mock or respiratory syncytial virus CM, do not upregulate 
this receptor (35). In future studies, we will explore to what 
extent alveolar ECs specifically modulate DC-SIGN expression 
in macrophages but not in monocytes (46).
Over the past decades, the host immune response to micro-
organisms has been extensively studied. However, for several 
chronic lung diseases, such as sarcoidosis and idiopathic pul-
monary fibrosis, for which the etiology and pathogenesis are still 
unknown, endogenous signals, such as cytokines, growth factors, 
proteases and, in general, damage-associated molecular pattern 
molecules resulting from recurrent injury, are highly correlated 
to the loss of lung function and in some cases to the mainte-
nance of chronic inflammation (47, 48). To gain insight into 
the modulation of BEC-conditioned monocytes during sterile 
inflammation, BEC-CM was supplemented with inflammatory 
cytokines. Inflammatory cytokines modulated the expression 
of CD141/CD123/DC-SIGN receptors with different kinetics. 
FigUre 8 | identification of the cD141/cD123/Dc-sign phenotype in bronchoalveolar lavage fluid (BalF). Cells from BALF were obtained from patients 
with lung adenocarcinoma (n = 4), sarcoidosis (n = 13), or interstitial pneumonia (n = 7). Cells were stained with anti-lineage (Lin) (CD3, CD19, CD 56), HLA-DR, 
CD11b, CD14, CD16, CD141, CD123, and DC-SIGN antibodies and analyzed by flow cytometry. (a,B) One representative experiment out of 13 samples from 
sarcoidosis patients is shown. Total cells were gated as depicted. From the FSC/SSC R1 gate, cells were gated into lin− and live cells (R2) and doublets exclusion 
(R3). Then cells were gated by HLA-DR expression and further selected by CD11b expression. (B) Histograms display the expression of the surface molecules 
CD141, CD123, and DC-SIGN of the gated population Lin−, HLA-DR+, CD11b+, CD14+, and CD16− in a sarcoidosis patient compared with the corresponding 
isotype control. (c) Percentage of the triple-positive CD141/CD123/DC-SIGN population among Lin− HLA-DR+ and subsequent analysis in CD11b and CD14/CD16 
gates. Data are depicted in box-and-whisker graph (*P < 0.05, **P < 0.01). Statistical analysis was performed using Two-way analysis of variance test (followed by 
Tukey multiple comparisons test). (D,e) Cell percentage and representative histograms of CD1c, CD1a, CD163, and intracellular IRF4 in the Lin− HLA-DR+CD11b+ 
CD14+CD16− population. Data are expressed as means ± SEM of at least four BALF with sarcoidosis.
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They sufficiently upregulated CD123 and DC-SIGN receptors 
in monocytes, but not CD141. Indeed, a synergistic effect was 
observed for CD141 expression as it was particularly upregulated 
in the epithelial environment, suggesting that inflammatory 
cytokines with unknown endogenous signals have a synergistic 
effect on CD141 expression. Based on our results, CD141/
CD123/DC-SIGN is a phenotype modulated by BEC-CM under 
basal culture conditions. Moreover these receptors were further 
upregulated during sterile inflammation and they were also 
shown to be upregulated after viral-infected BEC-CM (Figure S4 
in Supplementary Material). We hypothesized that during 
inflammation the frequency of the CD141/CD123/DC-SIGN 
population increases in vivo.
Thus, we addressed whether this specific CD141/CD123/
DC-SIGN phenotype can be found in  vivo and whether this 
phenotype correlates with an inflammatory state. Multicolor 
flow cytometry was performed in cells obtained from the 
BALF of patients with different lung diseases. As expected, we 
found CD141/CD123/DC-SIGN triple-positive monocytes in 
the HLA-DR+CD11b+CD14+D16− fraction. The fact that the 
triple-positive population was present at low frequency (2.3% 
mean  ±  0.4 SEM) in patients with adenocarcinoma, slightly 
increased in patients who had developed a lung fibrosis (4.6% 
mean ± 1.5 SEM), and significantly increased in patients with 
pulmonary sarcoidosis (11.2% mean ± 2.4 SEM) suggests that 
the frequency of this phenotype could be related to inflamma-
tion, since in patients who had developed adenocarcinoma, there 
were no signs of clinical inflammation or infection. In regard to 
the fibrotic environment, which is characterized by the expres-
sion of fibrotic cytokines, e.g., TGFβ-1 (49, 50), the CD141/
CD123/DC-SIGN population seems not to be significantly 
involved. However, sarcoidosis, a disease characterized by the 
formation of granulomas and increased numbers of lympho-
cytes and inflammatory mediators, such as IL-12 and TNF-α 
but also IL-10 (28, 48, 51), was associated with an increased 
frequency of the CD141/CD123/DC-SIGN population. Further 
investigation is required in order to determine the role that this 
population can play in each of the lung diseases, particularly 
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in inflammation. Furthermore, it is essential to determine the 
role of the  epithelium in vivo and whether or not a dysregulated 
function is responsible for the accumulation of this particular 
population during inflammation.
It has been very recently described that a ModDC subset 
may exist in humans (21, 22, 52, 53). Two recent papers have 
identified a particular subset of monocytes expressing HLA-
DR+CD14+CD16− CD206+CD1c+ with variable levels of CD1a in 
BALF and lung tissues at steady state (21). Baharom et al. described 
a similar subset of ModDCs on the basis of IRF4 expression (53). 
However, there is disagreement in regard to the expression of 
CD141. Baharom et  al. mentioned that this HLA-DR+CD14+ 
CD16−CD206+ population also upregulates CD141. In contrast, 
Desch et  al. classified the HLA-DR+CD14+CD141+DC-SIGN+ 
population as tissue monocytes. This discrepancy may be due 
to differences in gate strategy since Desch et  al. included both 
CD16high and CD16−/low fractions in their analysis. Our analysis 
demonstrated that the CD141/CD123/DC-SIGN population 
in the HLA-DR+ CD14+ CD16− fraction also expresses CD1c. 
Whether the CD14+CD1c+ (HLA-DR+CD16−CD206+) popula-
tion, as described by previous reports at steady state and the 
CD141/CD123/DC-SIGN (HLA-DR+CD14+ CD16−CD1c+D1a−) 
population, as reported in this study, are different subsets or are 
cells with the same origin but in different phases of development 
(from steady state to inflammation), has to be further studied. 
What is noteworthy and highlights the significance of the 
correlation of our triple-positive cells with ModDCs, is that at 
steady state in axillary and pulmonary lymph nodes (LNs), in 
addition to the classical DCs (pDCs, CD141-DCs, CD1c-DCs 
CD1a and Langerhans), one additional population was identi-
fied: the CD141+CD14+ population, which also expresses HLA-
DR+CD11c+CD206+ (21, 52). The studies performed in axillary 
LN reported that this population also expresses DC-SIGN and 
suggest that it is a migratory skin DC subset (52). We speculate 
that the CD141/CD123/DC-SIGN triple population might 
be a migratory ModDC subset, on the basis of the phenotype 
expressed, but also, based on its expression of IRF4, a transcrip-
tional factor, which is known to play a role in the migration of 
peripheral tissue DCs (31).
In summary, our results contribute to the understanding 
of the mechanism by which BECs modulate local immune 
responses. Soluble components of the epithelium promoted a 
particular CD141/CD123/DC-SIGN phenotype in monocytes 
thus inducing the expression of the FLT3 gene making this 
phenotype resemble that of ModDCs. Functionally, BEC-
conditioned monocytes, by releasing IL-6, IL-1β, and IL-10, 
are capable of inducing inflammatory Th17 responses, but 
also capable of inducing IL-10 producing memory T  cells. 
This highlights the specific immune regulation induced by the 
epithelium. The frequency of the CD141/CD123/DC-SIGN 
population is specifically increased in patients with sarcoidosis, 
an inflammatory lung disorder. Further investigation is needed 
in order to determine which epithelial endogenous signals are 
responsible for the induction of this particular phenotype and 
in order to decipher the mechanisms by which the CD141/
CD123/DC-SIGN/FLT3 monocytes tip the balance in favor of a 
pathogenic or non-pathogenic response.
eThics sTaTeMenT
PBMCs were isolated from the buffy coats of healthy donors. 
In accordance with the Cantonal Ethics Committee of the 
Canton of Vaud (Vaud-Switzerland), written consent from the 
donors was obtained from the Lausanne blood transfusion 
center. Human primary nasal epithelial cells (PNECs) were 
obtained from healthy volunteers. This study was carried out in 
accordance with the recommendations of the Cantonal Ethics 
Committee of the Canton of Bern, with written informed 
consent from all subjects. All subjects gave written informed 
consent in accordance with the Declaration of Helsinki. The 
protocol was approved by the Cantonal Ethics Committee 
of the Canton of Bern (Bern-Switzerland No. 1104). Human 
primary alveolar epithelial cells (PAECs) were cultured from 
the tissue of patients undergoing surgical lung resection due 
to lung cancer. This study was carried out in accordance with 
the recommendations of the Human Ethics Committee of 
Basel with written informed consent from all subjects. All 
subjects gave written informed consent in accordance with 
the Declaration of Helsinki. The protocol was approved by The 
Human Ethics Committee of Basel (EKBB # 05/06, Department 
of Pneumology, University of Basel, Switzerland).
Bronchoalveolar lavage fluid samples were obtained from 
patients undergoing bronchoscopy for medical reasons by the 
CHUV Pneumology Service. This study was carried out in 
accordance with the recommendations of the Cantonal Ethics 
Committee of the Canton of Vaud with written informed consent 
from all subjects. All subjects gave written informed consent in 
accordance with the Declaration of Helsinki. The protocol was 
approved by the Cantonal Ethics Committee of the Canton of 
Vaud (Vaud-Switzerland/ protocol 294/1).
aUThOr cOnTriBUTiOns
AG, FB: study design, performed experiments, data inter-
pretation, writing and editing of manuscript. VC: performed 
experiments, data acquisition, and interpretation, revision of 
manuscript. AL, RL: clinical sample collection, interpretation of 
clinical data and writing of manuscript. JA: study design, inter-
pretation of clinical data, writing and editing of manuscript. FS: 
interpretation of data and critical revision of manuscript. AW: 
acquisition and FC data interpretation and writing of manu-
script. KH: sample collection and preparation and revision of 
manuscript. LP: conception, contributed reagents, materials, 
analysis tools, and revision of manuscript. CO: conception, 
study design, experiments, data acquisition and interpretation, 
contributed reagents and materials, writing and editing of 
manuscript.
acKnOWleDgMenTs
The authors are deeply grateful to Matthieu Perrault for his scien-
tific advice, to Daniel Speiser and Koshika Yadava for their critical 
advice and helpful comments on the paper, and to Marie-France 
Hamou for the excellent technical assistance.
14
Gazdhar et al. BEC-CM Modulates Monocyte Function
Frontiers in Immunology | www.frontiersin.org April 2017 | Volume 8 | Article 447
FUnDing
Support for this work was provided by the Swiss National Science 
Foundation grant: 310030-120210 and the Swiss Society of 
Pneumology and the Swiss Lung League grant.
reFerences
1. Crapo JD, Barry BE, Gehr P, Bachofen M, Weibel ER. Cell number and 
cell characteristics of the normal human lung. Am Rev Respir Dis (1982) 
126(2):332–7. 
2. Holgate ST, Davies DE, Lackie PM, Wilson SJ, Puddicombe SM, Lordan JL. 
Epithelial-mesenchymal interactions in the pathogenesis of asthma. J Allergy 
Clin Immunol (2000) 105(2 Pt 1):193–204. doi:10.1016/S0091-6749(00)90066-6 
3. Lambrecht BN, Hammad H. The airway epithelium in asthma. Nat Med (2012) 
18(5):684–92. doi:10.1038/nm.2737 
4. Mayer AK, Bartz H, Fey F, Schmidt LM, Dalpke AH. Airway epithelial cells 
modify immune responses by inducing an anti-inflammatory microenviron-
ment. Eur J Immunol (2008) 38(6):1689–99. doi:10.1002/eji.200737936 
5. Iliev ID, Spadoni I, Mileti E, Matteoli G, Sonzogni A, Sampietro GM, et al. 
Human intestinal epithelial cells promote the differentiation of tolerogenic 
dendritic cells. Gut (2009) 58(11):1481–9. doi:10.1136/gut.2008.175166 
6. Schmidt LM, Belvisi MG, Bode KA, Bauer J, Schmidt C, Suchy MT, et  al. 
Bronchial epithelial cell-derived prostaglandin E2 dampens the reactiv-
ity of dendritic cells. J Immunol (2011) 186(4):2095–105. doi:10.4049/
jimmunol.1002414 
7. Regamey N, Obregon C, Ferrari-Lacraz S, van Leer C, Chanson M, Nicod LP, 
et al. Airway epithelial IL-15 transforms monocytes into dendritic cells. Am 
J Respir Cell Mol Biol (2007) 37(1):75–84. doi:10.1165/rcmb.2006-0235OC 
8. Ward C, Eger K, Diboll J, Jones D, Haniffa MA, Brodlie M, et al. Bronchial 
epithelial cells cultured from clinically stable lung allograft patients promote 
the development of macrophages from monocytes rather than dendritic cells. 
Thorax (2009) 64(5):430–5. doi:10.1136/thx.2008.104067 
9. Cros J, Cagnard N, Woollard K, Patey N, Zhang SY, Senechal B, et  al. 
Human CD14dim monocytes patrol and sense nucleic acids and viruses via 
TLR7 and TLR8 receptors. Immunity (2010) 33(3):375–86. doi:10.1016/j.
immuni.2010.08.012 
10. Jakubzick C, Gautier EL, Gibbings SL, Sojka DK, Schlitzer A, Johnson TE, et al. 
Minimal differentiation of classical monocytes as they survey steady-state tis-
sues and transport antigen to lymph nodes. Immunity (2013) 39(3):599–610. 
doi:10.1016/j.immuni.2013.08.007 
11. Varol C, Landsman L, Fogg DK, Greenshtein L, Gildor B, Margalit R, et al. 
Monocytes give rise to mucosal, but not splenic, conventional dendritic cells. 
J Exp Med (2007) 204(1):171–80. doi:10.1084/jem.20061011 
12. Jakubzick C, Tacke F, Ginhoux F, Wagers AJ, van Rooijen N, Mack M, et al. 
Blood monocyte subsets differentially give rise to CD103+ and CD103- 
pulmonary dendritic cell populations. J Immunol (2008) 180(5):3019–27. 
doi:10.4049/jimmunol.180.5.3019 
13. Auffray C, Sieweke MH, Geissmann F. Blood monocytes: development, het-
erogeneity, and relationship with dendritic cells. Annu Rev Immunol (2009) 
27:669–92. doi:10.1146/annurev.immunol.021908.132557 
14. Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M, Ley K. 
Development of monocytes, macrophages, and dendritic cells. Science (2010) 
327(5966):656–61. doi:10.1126/science.1178331 
15. Passlick B, Flieger D, Ziegler-Heitbrock HW. Identification and characteriza-
tion of a novel monocyte subpopulation in human peripheral blood. Blood 
(1989) 74(7):2527–34. 
16. Meredith MM, Liu K, Darrasse-Jeze G, Kamphorst AO, Schreiber HA, 
Guermonprez P, et al. Expression of the zinc finger transcription factor zDC 
(Zbtb46, Btbd4) defines the classical dendritic cell lineage. J Exp Med (2012) 
209(6):1153–65. doi:10.1084/jem.20112675 
17. Satpathy AT, Kc W, Albring JC, Edelson BT, Kretzer NM, Bhattacharya D, et al. 
Zbtb46 expression distinguishes classical dendritic cells and their committed 
progenitors from other immune lineages. J Exp Med (2012) 209(6):1135–52. 
doi:10.1084/jem.20120030 
18. Van Pottelberge GR, Bracke  KR I, Demedts K, De Rijck K, Reinartz SM, 
van Drunen CM, et al. Selective accumulation of langerhans-type dendritic 
cells in small airways of patients with COPD. Respir Res (2010) 11:35. 
doi:10.1186/1465-9921-11-35 
19. Bratke K, Lommatzsch M, Julius P, Kuepper M, Kleine HD, Luttmann W, et al. 
Dendritic cell subsets in human bronchoalveolar lavage fluid after segmental 
allergen challenge. Thorax (2007) 62(2):168–75. doi:10.1136/thx.2006.067793 
20. Guilliams M, Dutertre CA, Scott CL, McGovern N, Sichien D, Chakarov S, 
et  al. Unsupervised high-dimensional analysis aligns dendritic cells across 
tissues and species. Immunity (2016) 45(3):669–84. doi:10.1016/j.immuni. 
2016.08.015 
21. Desch AN, Gibbings SL, Goyal R, Kolde R, Bednarek J, Bruno T, et al. Flow 
cytometric analysis of mononuclear phagocytes in nondiseased human 
lung and lung-draining lymph nodes. Am J Respir Crit Care Med (2016) 
193(6):614–26. doi:10.1164/rccm.201507-1376OC 
22. Segura E, Touzot M, Bohineust A, Cappuccio A, Chiocchia G, Hosmalin A, 
et  al. Human inflammatory dendritic cells induce Th17 cell differentiation. 
Immunity (2013) 38(2):336–48. doi:10.1016/j.immuni.2012.10.018 
23. Mentzer SJ, Guyre PM, Burakoff SJ, Faller DV. Spontaneous aggregation 
as a mechanism for human monocyte purification. Cell Immunol (1986) 
101(2):312–9. doi:10.1016/0008-8749(86)90144-9 
24. Obregon C, Rothen-Rutishauser B, Gerber P, Gehr P, Nicod LP. Active uptake 
of dendritic cell-derived exovesicles by epithelial cells induces the release 
of inflammatory mediators through a TNF-alpha-mediated pathway. Am 
J Pathol (2009) 175(2):696–705. doi:10.2353/ajpath.2009.080716 
25. Sallusto F, Lanzavecchia A. Efficient presentation of soluble antigen by cultured 
human dendritic cells is maintained by granulocyte/macrophage colony-stim-
ulating factor plus interleukin 4 and downregulated by tumor necrosis factor 
alpha. J Exp Med (1994) 179(4):1109–18. doi:10.1084/jem.179.4.1109 
26. Travis WD, Brambilla E, Noguchi M, Nicholson AG, Geisinger KR, 
Yatabe Y, et al. International association for the study of lung cancer/american 
thoracic society/european respiratory society international multidisciplinary 
classification of lung adenocarcinoma. J Thorac Oncol (2011) 6(2):244–85. 
doi:10.1097/JTO.0b013e318206a221 
27. Ettinger DS, Wood DE, Akerley W, Bazhenova LA, Borghaei H, Camidge DR, 
et  al. Non-small cell lung cancer, version 6.2015. J Natl Compr Canc Netw 
(2015) 13(5):515–24. 
28. Carmona EM, Kalra S, Ryu JH. Pulmonary sarcoidosis: diagnosis and treat-
ment. Mayo Clin Proc (2016) 91(7):946–54. doi:10.1016/j.mayocp.2016.03.004 
29. Aubert JD, Juillerat-Jeanneret L, Fioroni P, Dayer P, Plan PA, Leuenberger P. 
Function of human alveolar macrophages after a 3-day course of azithromycin 
in healthy volunteers. Pulm Pharmacol Ther (1998) 11(4):263–9. doi:10.1006/
pupt.1998.0123 
30. Du Rand IA, Blaikley J, Booton R, Chaudhuri N, Gupta V, Khalid S, et  al. 
British Thoracic Society guideline for diagnostic flexible bronchoscopy in 
adults: accredited by NICE. Thorax (2013) 68(Suppl 1):i1–44. doi:10.1136/
thoraxjnl-2013-203629 
31. Schlitzer A, McGovern N, Teo P, Zelante T, Atarashi K, Low D, et al. IRF4 
transcription factor-dependent CD11b+ dendritic cells in human and mouse 
control mucosal IL-17 cytokine responses. Immunity (2013) 38(5):970–83. 
doi:10.1016/j.immuni.2013.04.011 
32. Kim SW, Choi SM, Choo  YS I, Kim K, Song BW, Kim HS. Flt3 ligand induces 
monocyte proliferation and enhances the function of monocyte-derived den-
dritic cells in vitro. J Cell Physiol (2015) 230(8):1740–9. doi:10.1002/jcp.24824 
33. Ginhoux F, Liu K, Helft J, Bogunovic M, Greter M, Hashimoto D, et al. The 
origin and development of nonlymphoid tissue CD103+ DCs. J Exp Med 
(2009) 206(13):3115–30. doi:10.1084/jem.20091756 
34. Chung DJ, Rossi M, Romano E, Ghith J, Yuan J, Munn DH, et al. Indoleamine 
2,3-dioxygenase-expressing mature human monocyte-derived dendritic cells 
sUPPleMenTarY MaTerial




Gazdhar et al. BEC-CM Modulates Monocyte Function
Frontiers in Immunology | www.frontiersin.org April 2017 | Volume 8 | Article 447
expand potent autologous regulatory T  cells. Blood (2009) 114(3):555–63. 
doi:10.1182/blood-2008-11-191197 
35. Sluijs KF, Obregon C, Geiser TK, Muhlemann K, Nicod LP. Monocyte 
differentiation toward regulatory dendritic cells is not affected by respiratory 
syncytial virus-induced inflammatory mediators. Am J Respir Cell Mol Biol 
(2011) 44(5):655–64. doi:10.1165/rcmb.2010-0136OC 
36. Waskow C, Liu K, Darrasse-Jeze G, Guermonprez P, Ginhoux F, Merad M, 
et  al. The receptor tyrosine kinase Flt3 is required for dendritic cell devel-
opment in peripheral lymphoid tissues. Nat Immunol (2008) 9(6):676–83. 
doi:10.1038/ni.1615 
37. Gaidt MM, Ebert TS, Chauhan D, Schmidt T, Schmid-Burgk JL, Rapino F, 
et  al. Human monocytes engage an alternative inflammasome pathway. 
Immunity (2016) 44(4):833–46. doi:10.1016/j.immuni.2016.01.012 
38. Chen GY, Nunez G. Sterile inflammation: sensing and reacting to damage. Nat 
Rev Immunol (2010) 10(12):826–37. doi:10.1038/nri2873 
39. Xu W, Zheng S, Dweik RA, Erzurum SC. Role of epithelial nitric oxide in 
airway viral infection. Free Radic Biol Med (2006) 41(1):19–28. doi:10.1016/j.
freeradbiomed.2006.01.037 
40. Obregon C, Graf L, Chung KF, Cesson V, Nicod LP. Nitric oxide sustains 
IL-1beta expression in human dendritic cells enhancing their capacity 
to induce IL-17-producing T-cells. PLoS One (2015) 10(4):e0120134. 
doi:10.1371/journal.pone.0120134 
41. Ramesh R, Kozhaya L, McKevitt  K I, Djuretic M, Carlson TJ, Quintero MA, 
et al. Pro-inflammatory human Th17 cells selectively express P-glycoprotein 
and are refractory to glucocorticoids. J Exp Med (2014) 211(1):89–104. 
doi:10.1084/jem.20130301 
42. Lee Y, Awasthi A, Yosef N, Quintana FJ, Xiao S, Peters A, et  al. Induction 
and molecular signature of pathogenic TH17 cells. Nat Immunol (2012) 
13(10):991–9. doi:10.1038/ni.2416 
43. Matteoli G, Mazzini  E I, Iliev D, Mileti E, Fallarino F, Puccetti P, et al. Gut 
CD103+ dendritic cells express indoleamine 2,3-dioxygenase which influ-
ences T regulatory/T effector cell balance and oral tolerance induction. Gut 
(2010) 59(5):595–604. doi:10.1136/gut.2009.185108 
44. Colonna M, Trinchieri G, Liu YJ. Plasmacytoid dendritic cells in immunity. 
Nat Immunol (2004) 5(12):1219–26. doi:10.1038/ni1141 
45. Conde P, Rodriguez M, van der Touw W, Jimenez A, Burns M, Miller J, et al. 
DC-SIGN(+) macrophages control the induction of transplantation tolerance. 
Immunity (2015) 42(6):1143–58. doi:10.1016/j.immuni.2015.05.009 
46. Tailleux L, Pham-Thi N, Bergeron-Lafaurie A, Herrmann JL, Charles P, 
Schwartz O, et al. DC-SIGN induction in alveolar macrophages defines priv-
ileged target host cells for mycobacteria in patients with tuberculosis. PLoS 
Med (2005) 2(12):e381. doi:10.1371/journal.pmed.0020381 
47. Wynn TA. Integrating mechanisms of pulmonary fibrosis. J Exp Med (2011) 
208(7):1339–50. doi:10.1084/jem.20110551 
48. Ringkowski S, Thomas PS, Herbert C. Interleukin-12 family cytokines and 
sarcoidosis. Front Pharmacol (2014) 5:233. doi:10.3389/fphar.2014.00233 
49. Khalil N, O’Connor RN, Flanders KC, Unruh H. TGF-beta 1, but not TGF-
beta 2 or TGF-beta 3, is differentially present in epithelial cells of advanced 
pulmonary fibrosis: an immunohistochemical study. Am J Respir Cell Mol Biol 
(1996) 14(2):131–8. doi:10.1165/ajrcmb.14.2.8630262 
50. Salez F, Gosset P, Copin MC, Lamblin Degros C, Tonnel AB, Wallaert 
B. Transforming growth factor-beta1 in sarcoidosis. Eur Respir J (1998) 
12(4):913–9. doi:10.1183/09031936.98.12040913 
51. Tercelj M, Salobir B, Zupancic M, Wraber B, Rylander R. Inflammatory mark-
ers and pulmonary granuloma infiltration in sarcoidosis. Respirology (2014) 
19(2):225–30. doi:10.1111/resp.12199 
52. Segura E, Valladeau-Guilemond J, Donnadieu MH, Sastre-Garau X, 
Soumelis V, Amigorena S. Characterization of resident and migratory 
dendritic cells in human lymph nodes. J Exp Med (2012) 209(4):653–60. 
doi:10.1084/jem.20111457 
53. Baharom F, Thomas S, Rankin G, Lepzien R, Pourazar J, Behndig AF, et al. 
Dendritic cells and monocytes with distinct inflammatory responses reside 
in lung mucosa of healthy humans. J Immunol (2016) 196(11):4498–509. 
doi:10.4049/jimmunol.1600071 
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.
Copyright © 2017 Gazdhar, Blank, Cesson, Lovis, Aubert, Lazor, Spertini, Wilson, 
Hostettler, Nicod and Obregon. This is an open-access article distributed under the 
terms of the Creative Commons Attribution License (CC BY). The use, distribution or 
reproduction in other forums is permitted, provided the original author(s) or licensor 
are credited and that the original publication in this journal is cited, in accordance 
with accepted academic practice. No use, distribution or reproduction is permitted 
which does not comply with these terms.
